During mammalian fertilization, egg Ca 2+ oscillations are known to play pivotal roles in triggering downstream events such as resumption of the cell cycle and the establishment of blocks to polyspermy. However, viable offspring have not been obtained after monitoring Ca 2+ oscillations, and their spatiotemporal links to subsequent events are still to be examined. Therefore, the development of imaging methods to avoid phototoxic damage while labeling these events is required. Here, we examined the usefulness of genetically encoded Ca 2+ indicators for optical imaging (GECOs), in combination with spinning-disk confocal imaging. The Ca 2+ imaging of fertilized mouse eggs with GEM-, G-, or R-GECO recorded successful oscillations (8.19 ± 0.31, 7.56 ± 0.23, or 7.53 ± 0.27 spikes in the first 2 h, respectively), similar to those obtained with chemical indicators. Then, in vitro viability tests revealed that imaging with G-or R-GECO did not interfere with the rate of development to the blastocyst stage (61.8 or 70.0%, respectively, vs 75.0% in control). Furthermore, two-cell transfer to recipient female mice after imaging with G-or R-GECO resulted in a similar birthrate (53.3 or 52.0%, respectively) to that of controls (48.7%). Next, we assessed the quality of the cortical reaction (CR) in artificially activated or fertilized eggs using fluorescently labeled Lens culinaris agglutinin-fluorescein isothiocyanate. Multicolor imaging demonstrated that the first few Ca 2+ spikes are sufficient for the completion of the CR and subsequent hardening of the zona pellucida in mouse eggs. These methods provide a framework for studying Ca 2+ dynamics in mammalian fertilization. Satouh et al., 2017, Vol. 96, No. 3 
Introduction
During fertilization in a variety of species, the penetrating spermatozoon triggers resumption of the egg's meiotic cell cycle through a rise in the concentration of cytosolic Ca 2+ [1] . In most mammalian species (including human and mouse), eggs are arrested at metaphase of the second meiotic division (MII) after ovulation, and resumption of the meiotic cell cycle is triggered by a series of Ca 2+ spikes. These are composed of repetitive acute increases and decreases in Ca 2+ levels, which last for several hours in human and mouse eggs, referred to as Ca 2+ oscillations [2] . During these oscillations, the protection of eggs from excess sperm penetration (the block to polyspermy), extrusion of the second polar body, and formation of male and female pronuclei occur [3, 4] . These processes are known collectively as egg activation. The number of Ca 2+ spikes in the oscillations is thought to play an important role in determining the developmental ability of embryos, as indicated by observations that attenuated ability of the spermatozoon or egg to induce Ca 2+ oscillations is associated with human infertility [5, 6] . Molecular mechanisms or factors underlying the various events in mammalian egg activation have been clarified recently. What initiates egg activation after sperm-egg fusion has been investigated for decades; currently, diffusion of sperm-derived phospholipase C zeta 1 (PLCz1) into egg cytosol is the most promising candidate [7] . Injection of PLCz1 (as the mRNA or protein) can trigger a series of spontaneous and repetitive Ca 2+ oscillations resembling that induced by a penetrating spermatozoon, presumably through PLCz1's enzymatic activity to generate inositol trisphosphate [2, 8] . Downstream of the Ca 2+ spikes, resumption of the cell cycle is promoted through activation of the Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) signaling pathway, which then activates other cell cycle-related proteins [4, 9] . Two major mechanisms for blocking polyspermy-a hardening of the zona pellucida (ZP; the surrounding extracellular structure of the egg) and an inability of sperm-egg fusion at the egg plasma membrane-are also strongly influenced by Ca 2+ . During ZP hardening, ASTL, an astacin-like metalloendopeptidase retained in egg cortical granules (CGs) of the unfertilized egg, has been identified as the proteinase responsible for digesting zona pellucida glycoprotein 2 (ZP2) [10, 11] . Exocytosis of the CG vesicles, defined as the cortical reaction (CR), which allows extracellular release of ASTL, is regulated by Ca 2+ -activated kinases such as protein kinase C, myosin light chain kinase, or CaMKII [9, 12] . The blocking of sperm-egg membrane fusion for preventing excess sperm entry is also known to require Ca 2+ , and depletion of egg cytosolic Ca 2+ results in polyspermic fertilization [13] , although the exact molecular mechanism is not known. The interplay of protein factors during egg activation and the quantitative relationship of these factors with Ca 2+ oscillations have yet to be established. Fluorescence imaging is an option that enables the acquisition of spatiotemporal and quantitative information of these events. In previous studies, synthetic chemical Ca 2+ indicators, such as Fura-2, PE3, Oregon Green BAPTA dextran, and Rhod dextran, have been broadly tested to observe Ca 2+ oscillations [14, 15] . These chemical indicators with various excitation wavelengths have valuable advantages, especially with their sensitivity and ready usability given by their cellular permeable properties. Some of these chemical indicators have ratiometric fluorescent probe properties that enable the evaluation of Ca 2+ changes stably, and enable comparisons between cells [14] [15] [16] . On the other hand, the development of genetically encoded Ca 2+ indicators for optical imaging (GECOs) has narrowed the gap with chemical ones, not only in terms of increased sensitivity and expanded selectivity for fluorescence wavelengths, but also in their ratiometric properties. Further, GECOs can be directed to specific subcellular compartments by tagging organelle-specific localization signals. Therefore, these indicators are emerging as valuable tools for live-cell imaging [17, 18] . Minimization of the damage from observation light is essential for establishing live-cell imaging systems for studying embryonic development. Exposure to shorter wavelengths such as ultraviolet (UV) light is known to generate reactive oxygen species (ROS), which are harmful for cell viability [19, 20] . A technique using two-photon fluorescence has taken advantage of excitation using longer wavelengths, allowing the development of mammalian embryos [19] . Ross et al. showed that spinning-disk confocal microscopy did not affect the development of bovine or mouse embryos to the blastocyst stage or to full-term gestation, respectively [21] . Further refinement of the image acquisition equipment of spinning-disk confocal microscopy succeeded in allowing multidimensional acquisition without affecting the development of mouse embryos after imaging, from the twocell to blastocyst stages [22] .
Here 
Materials and methods

Ethics statement
All animal experiments were performed with the approval of the Animal Care and Use Committee of the Research Institute for Microbial Diseases, Osaka University, with ethics number Biken-AP-H25-02-0.
Animals
Sexually mature B6D2F1 male and female mice and pseudopregnant ICR mice were purchased from SLC (Shizuoka, Japan) or CLEA Japan, Inc. (Tokyo, Japan). Mice were euthanized by skilled workers using cervical spine dislocations. Astl gene knockout (KO) mice were generated as follows. A targeting vector of a KO-first allele system for the Astl gene was obtained from the International Mouse Phenotyping Consortium (https://www.mousephenotype.org/). The generation of chimeric mice and removal of the LoxP-flanked region were carried out as described [23] . Genotyping of the KO mice was performed by polymerase chain reaction amplification using primers for the wild-type (WT) allele (5 -GCCACCATCCGTAGTCAGAAGTTACG-3 (forward) and 5 -GGAGCTGAAATTGCAAGTCACAACCAC-3 (reverse)) and the KO allele (5 -GCCACCATCCGTAGTCAGAAGTTACG-3 (forward) and 5 -CACAACGGGTTCTTCTGTTAGTCC-3 (reverse)). Astl null mice were deposited in the Riken BioResource Center (http://www.brc.riken.jp/inf/en/index.shtml) with the stock number: RBRC05871 C57BL/6-Astl<tm1a(EUCOMM)Osb>/7E. The established Astl KO mouse line was maintained by crossing with B6D2F1 WT mice.
Collection of gametes
Mouse eggs were collected from superovulated B6D2F1 (SLC) or Astl KO female mice (8-12 weeks) as described [23] . Then, MII eggs were denuded from cumulus cells by a brief incubation in hyaluronidase (Type-IVS, Merck, KGaA, Darmstadt, Germany) in potassium-supplemented simplex optimized medium (KSOM). Spermatozoa were collected from the cauda epididymis of mature B6D2F1 male mice, and preincubation for in vitro fertilization (IVF) was carried out in Toyoda, Yokoyama, and Hoshi (TYH) medium for 2 h before insemination.
The media used in these experiments were KSOM (supplemented with minimal essential amino acids), TYH medium [24] , and Chatot, Ziomek, Bavister (CZB) medium [22] . It should be mentioned that the KSOM/polyvinylpyrrolidone (PVP) buffer microinjected into eggs contains 1.71 mM CaCl 2 .
Messenger RNA synthesis
The plasmids CMV-GEM-GECO1 and CMV-R-GECO1 were purchased from Addgene (Cambridge, MA, USA). The plasmid CMV-G-GECO1.1 was kindly donated by Dr. Takeharu Nagai of Osaka University. The cDNA encoding GEM-GECO1 or R-GECO1 was cloned between the XbaI and XhoI sites of the pCAGGS vector [25] . The cDNA encoding G-GECO1.1 was cloned between the BamHI and EcoRI sites of the pCAGGS vector. Polymerase chain reaction, RNA synthesis, and poly-A tail addition were performed as described [25] . For the mouse Plcz1 gene, the modified pcDNA3.1/Myc-His vector, pcDNA3.1poly (A83), containing the open reading frame of mouse Plcz1 [26] was a gift from Dr. Tadashi Baba of Tsukuba University. The plasmids were linearized by digesting with XbaI. RNA synthesis and purification were carried out as described [22] .
Micromanipulations, artificial activation, and staining
Eggs were manipulated in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)-CZB medium. Partial zona dissection (PZD) was carried out as described [24] . Briefly, the ZP was dissected at one location using a piezo-activated micromanipulator (Prime Tech) with a large-diameter (4 μm) glass pipette for intracytoplasmic sperm injection (ICSI) under a dissection microscope. ICSI was performed as described [23] , and in sham ICSI controls, similar amounts of 12% PVP solution were injected using a large pipette. For injections of H 2 O or KSOM, eggs were microinjected with a few picoliters of the appropriate solution with small-diameter (1 μm) micropipettes. Estimation of final volumes is based on an egg volume of 200 pL [22] .
In IVF, denuded eggs were inseminated for 30 min in a 100-μl drop of TYH under sterile mineral oil at a sperm concentration of 2.0 × 10 5 per ml. For activation with SrCl 2 , eggs were washed in Ca 2+ -free CZB medium four times and incubated in Ca 2+ -free CZB medium containing 10 mM SrCl 2 for 20 min [27, 28] . For activation by Plcz1 mRNA injection, 20 ng/μl aliquots of mRNA solution were microinjected into eggs using small glass pipettes and a piezo-activated manipulator [22, 23] . Following incubation for 3 h at 37
• C under 5% CO 2 in air after each manipulation or treatment, eggs were incubated in KSOM containing 5 μg/ml Lens culinaris agglutinin-fluorescein isothiocyanate (LCA-FITC; Sigma-Aldrich) and 1 μg/ml Hoechst 33342 for 10 min and washed twice.
Imaging
The equipment for spinning-disk confocal microscopy was constructed based on an inverted microscope equipped with a Nipkow disk confocal system (CSU-X1, Yokogawa Electric, Tokyo, Japan), an electron-multiplying charge-coupled device (EM-CCD; iXon 897, Andor Technology, Belfast, Northern Ireland), an x-y axis stage (Sigma Koki, Tokyo, Japan), and a z-axis piezo drive unit (P725.2CD, Physik Instrumente, Karlsruhe, Germany) [22, 29] . For excitation of G-GECO1.1, enhanced green fluorescent protein (EGFP), and FITC, the samples were illuminated with a 488-nm laser. For GEM-GECO1 and R-GECO1, the wavelength of excitation was 405 and 561 nm, respectively. The emission filter combination for G-GECO1.1, EGFP, and FITC was 520/35 nm, for GEM-GECO1 it was 460/80 or 520/35 nm, and for R-GECO1 it was a 617/73 nm bandpass filter. Imaging of Ca 2+ and embryonic development was demonstrated as follows. Matured MII eggs were subjected to microinjection of mRNA as described [22] . Two to three picoliters of mRNA for GEM-GECO1 (30 ng/μl), mixed mRNAs for G-GECO1.1 (50 ng/μl) and mCherry (20 ng/μl), or mixed mRNAs for R-GECO1 (50 ng/μl) and EGFP (20 ng/μl) were microinjected into eggs using a piezo-activated micromanipulator with a small-diameter (1 μm) glass pipette in HEPES-buffered CZB medium. The eggs were then incubated at 37
• C under 5% CO 2 in air for at least 3 h before subsequent procedures and imaging. ICSI was performed as described [23] within 20 min, followed by 10 min incubation for membrane repair. Fertilized eggs were quickly transferred to 7-μl drops of CZB medium on a glass-bottomed dish for observation using spinning-disk confocal microscopy using an oil immersion objective lens (UPlanApo20XO, Olympus, Tokyo, Japan). The dish was placed in an incubation chamber set at 37
• C under 5% CO 2 in air [22] . Gain of the EM-CCD was set at the highest value for linearity (×1000) and acquisition time was set at a minimum (50 ms/frame) for decreasing any phototoxicity. Optical intensities of each laser from the tip of the objective lens were measured and set at 40, 100, or 100 μW for wavelengths of 405, 488, or 561 nm, respectively, according to previous studies of mammalian fertilization [23, 29] . Images were taken at 20-s intervals with multiple channels (bright-field and fluorescence images) for 5 h. After Ca 2+ measurements, bright-field images of embryos were taken at 15-min intervals for 5 days for evaluation of their ability to development to the blastocyst stage. A region of interest (ROI) for plotting mean fluorescent intensity was set as a circle within a uniform area in the cytosol of each egg. Transplantation of two-cell embryos subjected to Ca 2+ measurement was carried out by checking their development 24 h after ICSI started, and transferring them into the oviducts of 0.5-day pseudopregnant ICR mice. Simultaneous imaging of Ca 2+ levels and the CR was performed as follows using a silicone-immersion objective lens, UPLSAPO30XS (Olympus, Tokyo, Japan). Denuded MII eggs were subjected to a microinjection of R-GECO1 (30 ng/μl) 3 h before the next step. For IVF, after PZD, eggs were inseminated with capacitated spermatozoa at a final concentration of 1.0 × 10 6 per ml for 6 min, and then washed briefly, followed by immediate transfer to glass-bottomed chambers to start image acquisition from ∼10 min after insemination started. In the case of Plcz1 mRNA injection, the eggs were microinjected with 10 ng/μl mRNA within 5 min and transferred to glass-bottomed chambers to start image acquisition from ∼20 min after manipulation. Eggs were observed in CZB medium containing LCA-FITC (5 ng/μl). For LCA-FITC (green fluorescence), 11 or 21 images in the z-axis were taken every 20 s for 1 h using the z piezo drive unit (Physik Instrumente). For R-GECO1 (red fluorescence) and bright-field (differential interference contrast, DIC), single confocal planes passing through the centers of eggs were imaged. The ROIs for plotting averaged fluorescent intensity of LCA-FITC were normalized using the signal intensity within the ZP in z-stack images. For quantification of the CR, eggs were observed with an epifluorescence microscope (Olympus). Confocal images of whole eggs were taken across different z-axis planes (in 2-μm increments) with a silicon oil immersion objective lens (UPLSAPO30XS, Olympus). 
Fluorescence quantification
Immunoblotting analysis
A ZP2 cleavage assay was carried out as described [10] . Unfertilized (MII) eggs, at 0 min, and eggs recovered 20, 40, or 60 min after Plcz1 mRNA microinjection were collected using WT eggs and immediately lysed in sodium dodecyl sulfate (SDS) loading buffer. Astl KO eggs recovered 120 min after Plcz1 mRNA microinjection were collected and lysed as described above as negative control. Twenty-two eggs were loaded per lane in SDS-polyacrylamide gel electrophoresis runs. The anti-ZP2 antibody used in immunoblotting analysis was a gift from Dr. Jurrien Dean of National Institute of Diabetes and Digestive and Kidney Diseases. Information of antibodies used for western blotting is summarized in Supplemental Table S1 .
Statistical analysis
All values are shown as the mean ± standard deviation. Data were tested for normality of distribution, and analyzed using two-tailed Student t-test. Differences were considered significant at P < 0.05.
RESULTS
Imaging analysis of egg Ca 2+ oscillations using GECOs
GECOs are genetically encoded Ca 2+ indicators for optical imaging derived from GCaMP3 equipped with increased sensitivity, wide selectivity of fluorescent wavelengths, and ratiometric/intensiometric properties [17] . GEM-GECO1 can be excited at 405 nm, and possesses a blue-green emission ratiometric property in which a Ca 2+ -dependent change in the ratio of blue (∼450 nm) to green (∼510 nm) fluorescence is exhibited. G-GECO1.1 or R-GECO1 possesses intensiometric properties and can be excited by light with wavelengths of 488 or 561 nm, respectively. All these GECOs are known to be expressed in the cytosol in mammalian cells [17] . The characteristics of the GECOs and popular chemical indicators used for egg activation analysis are summarized in Supplemental Table S2 . We compared which GECO would work better, by applying a spinning-disk confocal microscopy system optimized for the low-invasive analysis of live preimplantation embryos [22] . First, we set out to determine the toxicity of each GECO and to establish optimum concentrations. Synthesized mRNAs for GEM-GECO1, G-GECO1.1, or R-GECO1 were injected into unfertilized eggs. Eggs were incubated for 3 h to allow protein translation from mRNA, then subjected to ICSI to obtain eggs fertilized by a single spermatozoon. As an expression control, 20 ng/μl aliquots of mRNAs for mCherry or EGFP were coinjected with G-GECO1.1 or R-GECO1 mRNAs, respectively. Microinjection of GEM-GECO1 mRNA at 50 ng/μl produced a decreased rate of development to the blastocyst stage (60.0%), but not at 20 ng/μl (77.3%), when compared with that of controls injected with no RNA (75.0%). On the other hand, G-GECO1.1/mCherry mRNA at 50/20 or 100/20 ng/μl, or R-GECO1/EGFP mRNA at 50/20 ng/μl did not affect the blastocyst formation rates (76.5, 74.2, and 85.0%, respectively), whereas R-GECO1/EGFP mRNA at 100/20 ng/μl reduced the rate to 37.1% (Table 1) . Thereafter, we microinjected 30 ng/μl of GEM-GECO1, and 50/20 ng/μl of both G-GECO1.1/mCherry and R-GECO1/EGFP mRNA in further imaging analyses.
We next examined the viability of embryos after live imaging with GECOs. The time-lapse observation of ICSI embryos was carried out using eggs microinjected with mRNAs for GEM-GECO1, G-GECO1.1/mCherry, and R-GECO1/EGFP (Supplemental Figure S1 ). The flicker signal noises were observed between time-lapse frames, but the fluorescence signals from GEM-GECO1 at two emission wavelengths (Em1 and Em2), G-GECO1.1, R-GECO1, mCherry, and EGFP were uniformly observed in the egg cytosol except near the egg chromosomes ( Figure 1A ; Supplemental Figure S2 , Supplemental Movies S1, S2, and S3). The averaged signal intensity for cytosolic GEM-GECO1 (Em1 and Em2) demonstrated an inverse relationship with Ca 2+ dynamics, as expected from its bluegreen emission ratiometric property lacking saturation. The fluorescent intensities of both wavelengths increased with time, but clear patterns of Ca 2+ oscillations from horizontal baselines were drawn by taking the ratio of the intensities (Em1/Em2; Figure 1B ). The heights of the Ca 2+ spikes among a series of oscillations were not equivalent, possibly due to low signal-to-noise ratio for Em1 fluorescence. The time-dependent increases in fluorescent signals were more obvious for G-GECO1.1/mCherry and R-GECO1/EGFP. The plots of G-GECO1.1 or R-GECO1 signals alone were adequate to visualize the numbers and durations of Ca 2+ spikes, but the ratio of G-GECO1.1/mCherry or R-GECO1/EGFP ( Figure 1B ) exhibited equivalent heights of spikes with a more horizontal baseline, which have been observed in previous reports using chemical indicators [7, 14, 30] . The pattern of Ca 2+ oscillations for each GECO was examined quantitatively. The mean numbers of spikes in the first 2 h for GEM-GECO1 (n = 27 eggs), G-GECO1.1 (n = 39), and R-GECO1 (n = 19) were 8.19 ± 1.62, 7.56 ± 1.47, and 7.53 ± 1.17, respectively, while the last spikes were observed at 221.4 ± 26.3, 217.3 ± 30.7, and 217.3 ± 22.1 min after ICSI (imaging was started 30 min after ICSI), respectively. There were no significant differences between GECOs for these analyses, and the frequencies were similar to those observed in ICSI-fertilized mouse eggs using the PE3 chemical indicator (approximately eight spikes in 2 h) [31] .
Toxicities from imaging and imaging procedures were examined further by measuring the developmental ability of imaged eggs ( Figure 1C ). The eggs imaged using GEM-GECO1 developed to the blastocyst stage at a rate of 16.7% (5/30 embryos). In contrast, the eggs imaged using G-GECO1.1/mCherry or R-GECO1/EGFP developed at rates of 61.8% (21/34 embryos) or 70.0% (28/40 embryos; Supplemental Figure S3A ; Table 2 ), respectively. Furthermore, when two-cell embryos after imaging of Ca 2+ oscillations without using UV excitation (G-GECO1.1/mCherry or R-GECO1/EGFP) were transplanted to pseudopregnant foster mothers, these resulted in pup delivery rates of 53.3 or 52.0% (16/30 or 13/25 pups/transplanted embryos, respectively; Supplemental Figure S3B ; Table 3 ), whereas nonimaged control two-cell transplantations showed a delivery rate of 48.7% (17/39; Table 3 ).
Validation of nonfixed LCA-FITC staining for monitoring the egg cortical reaction
Fluorescently labeled LCA has been used to stain CG contents, but mainly in fixed eggs [32, 33] . Here, we supplemented culture media with 5 μg/ml LCA-FITC to visualize exposure of the LCA-binding substrate following CG exocytosis. Eggs were fertilized using ICSI to obtain those activated by a single spermatozoon at a designated time.
The fertilized eggs gave a specific fluorescent signal on the plasma membrane (Figure 2A ), whereas unfertilized eggs subjected to PZD showed no or only faint staining. It is known that nonphysiological influxes of Ca 2+ from extracellular resources can cause partial activation of mammalian eggs including the CR, especially with micromanipulation procedures using glass needles [34, 35] . Such unanticipated and partial activations
were measured with LCA-FITC staining. Considering the various physical conditions for micromanipulations, microinjections of different solutions using small-(1 μm) or large-diameter (4 μm) needles were carried out ( Figure 2B ). KSOM or a PVP solution is often used as an incubation medium for eggs or for sperm suspension fluid in ICSI, respectively, with both containing 1.7 mM Ca 2+ . As expected, the microinjection of KSOM or PVP solution (sham ICSI) resulted in increased frequencies of LCA-FITC positive eggs, but positively stained eggs were observed even after the microinjection of water alone with small glass needles. Quantification was carried out further by classifying each egg based on the highest intensity of its fluorescence signal measured using epifluorescence microscopy ( Figure 2C ). Eggs subjected to ICSI exhibited intense fluorescent signals and were classified into the high-intensity group (H in Figure  2C ), while other eggs examined were classified into low-(L) or middle (M)-intensity groups. The patterns of LCA-FITC staining using these conditions were further analyzed by confocal microscopy with costaining of chromosomes ( Figure 2D and E) . The LCA-FITC signals in partially activated eggs (subjected to PZD, or H 2 O or KSOM microinjection alone, or sham ICSI) were distributed on the oolemma except for the region overlying the MII spindle, where a CG-free domain has been reported [32] . In ICSI-treated eggs, the region over the dividing set of maternal chromosomes overlying both egg cytosol and the protruding second polar body, where the CG-free domain is located, was not stained. When the paternal (sperm-derived) set of chromosomes was adjacent to the egg surface, an additional negatively stained region formed around it ( Figure 2D and E).
Qualitative analysis of the cortical reaction by LCA-FITC staining
Various methods that can activate eggs and induce cell cycle resumption were examined using nonfixed staining methods with LCA-FITC ( Figure 3A) . As an artificial activation method, short treatment with SrCl 2 solution and microinjection of Plcz1 mRNA were adopted. In vitro fertilization and ICSI were adopted to induce activation by spermatozoa. Following these interventions, similar signal intensities were observed among eggs activated by IVF, ICSI, or Plcz1 mRNA injection, except for a lack of signals at the fertilization cone in IVF eggs. Although the eggs activated by short SrCl 2 stimulation protruded the second polar body, all exhibited sparse LCA-FITC staining ( Figure 3A , 17/17 eggs observed). Further analysis of single confocal planes and intensity plot at the egg circumference demonstrated uneven staining aside from the CG-free domain only on those eggs stimulated by SrCl 2 ( Figure 3B ).
Simultaneous imaging of Ca 2+ oscillations and the cortical reaction
Ca
2+ oscillations and the CR were imaged simultaneously to address their relationship during egg activation. The time interval of acquisition should be less than 20 s between frames to trace Ca 2+ spikes [14] [15] [16] . Thus, a piezo-driven objective lens positioner was used for the fast acquisition of z-stack images to measure the total intensities of LCA-FITC from eggs harboring CG-free domains. R-GECO1 was selected as the Ca 2+ indicator, considering both its lower toxicity and the compatibility of its excitation wavelength with LCA-FITC ( Figure 4A ; Supplemental Figure S4 ). In ICSI, eggs need to be healed from the damage of microinjection, so the first Ca 2+ spike is missed without using the imaging machinery attached to the micromanipulator; therefore, we observed Figure S1 ). spikes detected with R-GECO were observed by time-lapse imaging ( Figure 4A ). The intensity plots for LCA-FITC (F/F 0 ratios, indicating the fluorescence signal relative to its starting signal) and R-GECO1 further indicated that LCA-FITC signal reached a plateau using both activation methods, defined by a leveling of the signal lasting for more than 2 h after fertilization. The averaged numbers of Ca 2+ spikes required for reaching the plateau status were 3.2 ± 0.8 (n = 15 eggs) and 2.6 ± 0.6 (n = 25) for IVF and Plcz1 mRNA injection, respectively ( Figure 4B ). Specific binding of LCA-FITC to the exposed LCA-binding substrate was further examined by using Astl KO eggs in which the LCA-binding substrate is completely depleted along with the ASTL protein, but the CGs remain and are exocytosed after fertilization [10] . Time-lapse observations confirmed that the LCA-FITC signal on the oolemma was completely lost from Astl KO eggs, while similar patterns of Ca 2+ oscillations were observed (Supplemental Movie S5). To address the relationship between CR and ZP hardening, we took advantage of the synchronized onset of Ca 2+ oscillations induced by Plcz1 mRNA injection. The synchronization was retained especially during the initial phase of Ca 2+ oscillations, and the first spike, known to be broader than other subsequent spikes, was observed at around 30 min after mRNA microinjection, and the second and third spikes occurred between 40 and 60 min, respectively (Supplemental Figure S6) . By taking advantage of this synchronization, eggs were estimated to have undergone no, one, and three Ca Figure  4C ). Zona pellucida glycoprotein 2 cleavage was clearly increased at 40 min (67.2%; presumably after the first spike), and there was significant cleavage at 60 min (86.5%; presumably after the third spike). On the other hand, the ZP2 protein of unfertilized eggs (indicated as 0 min) or of eggs collected before the first spike (indicated as 20 min) remained uncleaved (4.0 or 3.0%, respectively). The ZP2 of Astl KO eggs remained uncleaved even after 120 min, confirming the phenotype of Astl KO mice shown in a previous study [10] .
Discussion
Feasibility of noninvasive imaging for mouse egg activation by GECOs
In previous studies of Ca 2+ oscillations, chemically synthesized fluorescent Ca 2+ indicators have been used, taking account of their wide range of fluorescent wavelengths, their high affinity/sensitivity to Ca 2+ , and a simple loading procedure enabled by merely incubating eggs with the indicator if the membrane-permeable form is available [14, 15] . The GECO series, on the other hand, are recently developed, genetically encoded Ca 2+ indicators with a wide selectivity in fluorescent wavelengths [17] . In this study, we showed that the combined use of the spinning-disk confocal laser microscope with G-GECO1.1 or R-GECO1 enabled us to analyze not only the pattern of Ca 2+ oscillations ( Figure 1A and B), but also subsequent development to the blastocyst stage. The low phototoxicity of our system was further verified by the finding of similar birthrates to controls from transferred two-cell embryos ( Figure 1C ; Tables 2 and 3 ). The use of GEM-GECO1 also enabled us to visualize Ca 2+ oscillations clearly, and all embryos developed to the two-cell stage after imaging (Table 2) . However, the viability of embryos decreased dramatically between the two-and four-cell stage (66.7%), four-and eight-cell stage (30.0%), and eight-cell and blastocyst stage (16.7%). This result is reminiscent of the report of Mizutani et al. who found that abnormal chromosomal segregation in cloned embryos produced by somatic cell nuclear transfer was the major cause of their poor development, but this did not affect the first cleavage (394 two-cell embryos obtained from 397 embryos injected) [36] . Involvement of accumulated ROS or chromosomal damage was suggested. Here, we found that utilization of G-GECO1.1 or R-GECO1 enabled us to avoid excitation damage. The live-cell imaging system of egg Ca 2+ oscillations established in this study offers a novel approach to analyze egg activation and subsequent embryonic development in both retrospective and prospective manners. Moreover, the utilization of UV-excited indicators such as Fura-2 or PE3 needs optimized optical equipment such as specific lenses and excitation light sources to allow effective transmission of light with uncommon wavelengths. In that regard, the utility of excitation lasers with conventional wavelength setups or optical lenses can offer more options in combining Ca for specific experimental purposes should be evaluated through both theoretical and empirical investigations, because the required sensitivity and preferred property for each indicator differ for cell process. Moreover, the capability to support embryonic development using particular imaging systems should also be considered carefully.
Feasibility of LCA-FITC staining of the cortical reaction in nonfixed eggs
Here, we showed that LCA-FITC staining was applicable to visualize the CR during fertilization in nonfixed eggs. The method further enabled us to assess the impact of various types of micromanipulations on the CR. Weak and partial signals, not accompanying cell cycle resumption, were caused not only by the inflow of calciumcontaining media but also by mechanical stimulation (Figure 2 ). Such stresses in assisted reproductive technologies are not avoidable completely, but can be reduced. Hence, the LCA-FITC staining method might be helpful in refining such procedures. Further evaluation of LCA-FITC staining in nonfixed eggs found sparse staining in short time treatments with SrCl 2 (Figure 3) . SrCl 2 appears to be the only artificial agent able to provoke multiple Ca 2+ rises in eggs, while the other artificial agents including Ca 2+ ionophores, ionomycin, or ethanol provoke only a single Ca 2+ spike [31] . Thus, even though the rises are longer and fewer than the Ca 2+ spikes produced by sperm entry, the advantage of SrCl 2 as an extracellular mediator is widely accepted and has been adopted extensively for activating eggs in clinical studies [37, 38] . Although brief treatments with SrCl 2 have been used in studies where there is a time limitation before procedures such as round spermatid microinjection and have resulted in obtaining live offspring [27, 28] , the sparse staining with LCA-FITC implicates the incompleteness of the CR for this approach (Figure 3) . Such an incomplete CR and its impact on subsequent embryonic development should be carefully examined in future studies.
Ca 2+ spikes and completion of the cortical reaction
Multicolor simultaneous live-cell imaging gives information about the spatiotemporal relationship between cell phenomena of interest.
Here, the use of R-GECO1 and LCA-FITC enabled us to visualize the qualitative and quantitative relationships between Ca 2+ oscillations and the CR (Figure 4 ). The delayed onset and the slower increase of CR in response to Ca 2+ rises observed in our study were predicted from a study comparing the changes in membrane potential with those of membrane capacitance in fertilizing hamster eggs [39] . As to the completion of the CR, we showed here it takes place within two to three Ca 2+ spikes. Some studies about the requirement for Ca 2+ rises using an artificial electropermeabilization method have been reported [9, 30, 40] . However, those studies conclude that one to four Ca 2+ rises, with fertilization-like amplitude and duration, are required to induce 20-50% of CGs to undergo exocytosis [30] , or more than eight rises with 1-2 min duration are required for ∼80% of CGs to undergo exocytosis [9, 40] . It should be noted that the remaining CGs in fixed eggs were quantified in those studies, while exposure of the CG contents was quantified in live eggs in our study. However, such a large disparity in the required number of Ca 2+ spikes for CR completion strongly suggests the importance of analysis under physiological conditions. Interestingly, Zn 2+ "sparks," recently visualized and reported exocytotic events with strong correlation with the developmental ability of mammalian embryos [41] , also occur simultaneously with the first few Ca 2+ spikes [42] . Although the exocytotic vesicles containing Zn 2+ and CG vesicles have not been shown to be identical [43] , the consistency between the number of Ca 2+ spikes required for the completion of the Zn 2+ spark and for the CR suggests that these vesicles are exocytosed using common mechanisms [9, 12] . Our examination using the synchronized onset of Ca 2+ spikes following Plcz1 mRNA microinjection showed that most ZP2 proteins have been cleaved after the first Ca 2+ spike. This result also implies that the digestion of ZP2 by ASTL occurs instantaneously after CG exocytosis. The significance of zona hardening caused by a single Ca 2+ spike in preventing unwanted additional sperm penetration is suggested by the severe infertility of Fetub (Fetuin-B), KO female mice with premature and partial ZP2 cleavage to a similar or less degree to that seen after a single Ca 2+ spike in the present study [44] . 
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Schematic diagram of imaging experiments with GECOs. Eggs were collected, cumulus cells removed, and eggs were microinjected with mRNA 3-4 h before ICSI. ICSI was performed within 30 min, followed by time-lapse imaging for Ca 2+ oscillations for 5 h. Differential image contrast (DIC) microscopy images were then acquired for tracing embryonic development for 120 h. Supplemental Figure S2 . Time-lapse observation of egg Ca 
